ABSTRACT
INTRODUCTION

33
Discriminative learning is an important survival strategy that depends on the 34 repeated contingency and contiguity between sensory cues (conditioned stimuli, CS) and 35 the events (e.g., danger, safety) that they must predict (unconditioned stimuli, US) 1 .
36
Discriminative learning has been classically studied by using differential fear 37 conditioning paradigms where two different auditory CSs are positively (CS+) and 38 negatively (CS-) paired in time with an aversive US (e.g., foot shock). This learning 39 protocol is supposed to assign appropriate emotional valence to the two incoming CSs 1- fear responses 5, 6 . However, it remains unclear how the brain learns to encode thus discriminates between threat and safety.
47
pyramidal neurons when NMDARs conductances were indifferently blocked by using 122 dAP5 or iMK801 (Fig. 1e, f) , indicating that this effect is cell-autonomous and unlikely to 123 be due to a network wide modification of the balance between excitation and inhibition.
124
Rather, it potentially exposed the existence of a tone non-specific feed-forward 125 inhibitory circuit. Importantly, it indicates that up8kHz was also able to recruit NMDARs 126 conductances, but to a lesser extent than upWGN.
127
The above results suggest that upWGN-evoked sustained depolarizations 128 recorded at the soma were cell-autonomous and likely to be mediated by local dendritic 129 Ca 2+ events through the recruitment of distal NMDARs-dependent conductances that 130 spread towards the soma 21, 22 . To test this hypothesis, we infected mice with an AAV9-
131
Syn-flex-GCaMP6s together with a 1:10000 dilution of AAV1-hSyn-cre ( Fig. 2a) in order 132 to obtain a sparse labeling with only a limited number of GCaMP6s-expressing dendrites.
133
Thus, the activity of 104 isolated, non-overlapping distal dendritic branches was imaged 134 in superficial layer 1 through a chronically-implanted cranial window in awake mice 135 (Fig. 2b) . We then segregated calcium transients based on their spatial spread along 136 individual dendrites ( Fig. 2c and Supplementary Fig. 2 ). Multiple local (full width at 137 half maximum (fwhm) < 50µm) and global (fwhm ≥ 50µm) calcium transients occurred 138 both spontaneously (i.e. during baseline prior to stimulation) and upon auditory 139 stimulations ( Fig. 2b-d) . While the full width at half maximum of these local events
140
(21.7 ± (s.d.) 13 µm, n=670 events) fell into the spatial range of NMDA spikes 21, 22 , global 141 events presumably resulted from backpropagating action potentials (Fig. 2d) . 142 Interestingly, the presentation of upWGN evoked more local events (Baseline, 143 local: 79, global: 43; upWGN, local: 338, global: 98; up8kHz, local: 253, global: 86) , with a 144 number of local dendritic events per dendrite significantly higher as compared to the 145 presentation of up8kHz (baseline: 0.59 ± 0.13; upWGN: 3.37 ± 0.3; up8kHz: 2.49 ± 0.2; Co-activation of segregated BLA and auditory inputs potentiated FrA L2/3 155 pyramidal neurons 156 The activation of BLA neurons instructs prefrontal circuits during learning and 157 memory recall 8, 14, 23 . However, the optical activation of the BLA alone is not sufficient to 158 produce learned associations 24 . Therefore, we hypothesized that BLA axons, along with neurons from 6 naive mice (Fig. 3) . 164 First, we confirmed that BLA neurons projected to the superficial layer 1 of the 165 ipsilateral FrA (<150µm) (Fig. 3a-c Fig. 3 ) 23 . However, it does not exclude the possibility that
171
BLA inputs could recruit large-scale neuronal networks. Indeed, we found that the in 172 vivo photostimulation of BLA neurons with an implanted optical fiber produced large, 173 plateau-like depolarizations in all recorded neurons (peak amplitude: 6.2 ± 1.2 mV*sec; 174 fwhm: 551 ± 80 ms; n=13) (Fig. 3d) . However, this was observed only when the 175 stimulation was delivered during down-states (Fig. 3d) , suggesting that BLA inputs 176 might facilitate the transition between down to up-states by recruiting large-scale 177 synaptic networks. Importantly, spontaneous somatic up-states have been suggested to (see Fig. 1 ), upWGN but not up8kHz evoked a long-lasting subthreshold depolarization 188 (upWGN: 18.8 ± 6.7 mV, n=13; n=8; p=0.01; . 189 Then, ChR2-expressing BLA neurons were photo-stimulated for 30 s at 0.9 Hz with 27 190 square light pulses (50 ms), a protocol that precisely mimicked the pattern of auditory 191 stimuli ( Fig. 4a-d) . The coincident photo-activation of BLA 24 during upWGN significantly 192 increased the cumulative potential as compared to the presentation of the upWGN alone
193
(upWGN: 18.8 ± 6.7 mV vs. upWGN+light: 39 ± 6.2 mV; n=13; p=0.008; paired t-test) (Fig. 194 4a, b, e). Interestingly, the photo-activation of BLA also significantly affected the 195 cumulative potential evoked by up8kHz (up8kHz 3.1 mV; n=8; p<0.001; paired t-test) (Fig. 4c-e (Fig. 4d) . However, this long-lasting cooperative effect was significantly higher with
206
Gaussian tone as compared to pure-frequency tone (upWGN/light: 46.4 ± 11.6 mV, n=13; 207 up8kHz/light: 14.8 ± 6.6 mV, n=8; p=0.039, (Fig. 4e) . We 208 also observed that the ectopic application of dAP5 (1mM) to the cortical surface blocked 209 the effect of BLA activation during upWGN (light/upWGN: 39 ± 6.2 mV, n=13; 210 light/upWGN/+dAP5: -26.6 ± 6.7 mV, n=7; p<0.001; t-test) (Fig. 4f) . In fact, this resulted 211 in a negative net effect of light (control: 20.2 ± 6.4 mV; n=13; +dAP5: -30.1 ± 7 mV; n=7)
212
( Fig. 4g ) that uncovered the activation of feed-forward inhibitory circuits. Thus, it seems 213 that the coordinated activation BLA and auditory inputs generated a highly non-linear 214 depolarization in FrA dendrites that is necessary to overcome evoked inhibition, and 215 eventually induced a long-term alteration of FrA neuronal membrane potential.
217
Discriminative learning depends on the activation of BLA-to-FrA circuits 218 We next questioned the functions of BLA-to-FrA axons during fear learning. It is 219 now well established that the BLA and its prefrontal projections actively acquire signals 220 about safety 3, [7] [8] [9] 27 . Whether direct BLA-to-FrA axons are also necessary to encode CS-221 remains unknown. We addressed this question by silencing specifically BLA-to-FrA 222 axons during conditioning but only throughout the presentation of the CS- (Fig. 5a) . For 223 that, mice were injected bilaterally with a retrograde Cav-2-CMV-Cre 28 into the FrAs 224 together with either AAV9-flex-CBA-ArchT-GFP (ArchT-expressing mice, n=11) or AAV9-
225
CAG-flex-eGFP (control GFP-expressing mice, n=13) into both BLAs (Fig. 5a ). This 226 resulted in the expression of the light-driven inhibitory proton pump ArchT (or GFP) in 227 a target-specific fraction of BLA neurons that project to the FrA (Fig. 5b, c ).
228
Fear learning was then induced by using a discriminative conditioning protocol 229 during which five auditory stimuli (each consisting of 27 pure-tone or WGN pips, 50 ms, (Fig. 5e) . As expected, control GFP-expressing mice presented robust fear 235 learning (43 ± 5 %; n=13). In contrast, ArchT-expressing mice showed strongly 236 attenuated fear responses during recall (18 ± 3 %; n=11) ( Fig. 5e) , with a learning index 237 that was significantly lower during recall than the one measured in GFP-expressing mice
238
(GFP: 43 ± 5 %, n=13; ArchT: 18 ± 3 %, n=11; p<0.001, t-test) (Fig. 5f ). This alteration of 239 fear learning in ArchT-expressing mice resulted from decreased discriminative 240 performance during recall (GFP, 0.8 ± 0.03, n=13; ArchT, 0.56 ± 0.08, n=11; p=0.003, 241 Kolmogorov-Smirnov test; p=0.016, Mann-Whitney rank sum test) (Fig. 5g) .
242
However, the auditory tones (8 kHz and WGN) used for CS+ and CS-during 243 conditioning were counterbalanced across mice (protocol 1: CS+/CS-= 8kHz/WGN 244 respectively; protocol 2: CS+/CS-= WGN/8kHz respectively) (Supplementary Fig. 4b ).
245
Because WGN appeared more effective in producing dendritic plateau potentials in FrA 246 as compared to pure tone ( Fig. 1 and Fig. 2) , it remains thus possible that fear learning 247 depends on the physical property of the sensory cue that was negatively paired to the 248 footshock 29, 30 . Therefore, we analyzed the impact of BLA-to-FrA inactivation on freezing 249 behaviors for each counter-balanced protocol (Fig. 5h-j and Supplementary Fig. 4c, d ).
250
We found that the time-locked suppression of BLA-to-FrA communication during properties through the activation of a specific population of BLA neurons. Surprisingly, it 255 also decreased freezing behaviors upon positively-paired (pp) 8kHz (CS+ protocol 1)
256
(GFP: 55.9 ± 8 %, n=8; ArchT: 34.9 ± 3 %, n=7; p=0.037, t-test) (Fig. 5h) . Consequently, 257 the index of discrimination was strongly attenuated as compared to controls (GFP: 0.8 ± 258 0.03, n=8; ArchT: 0.49 ± 0.12, n=7; p=0.024, Mann-Whitney rank sum test; p=0.04,
259
Kolmogorov-Smirnov test) (Fig. 5j) . In contrast, blocking the activity of BLA-to-FrA axons 260 during protocol 2 failed to affect discriminative performance (GFP: 0.78 ± 0.06, n=5;
261 ArchT: 0.64 ± 0.12, n=4; p=0.335, p=0.17, (Fig. 5j) , with 262 similar freezing responses between GFP-and ArchT-expressing mice upon subsequent 263 np8kHz (CS-; GFP: 7.3 ± 2.5, n=5; ArchT: 9.6 ± 3.5, n=4; p=0.611, t-test) and ppWGN (CS+; 264 GFP: 49.8 ± 10.2, n=5; ArchT: 32.2 ± 8, n=4; p=0.230, (Fig. 5i) .
265
Altogether, our data confirm the sophisticated nature of differential conditioning 266 protocols 1,29 , during which auditory tones that were not explicitly paired to the 267 footshock might actively participate in discriminative learning (i.e. threat vs. safety 268 encoding) through the interaction between the BLA and the FrA during conditioning.
269
Importantly, it reveals that the BLA-to-FrA circuit encodes WGN as a safety predictor 270 more efficiently than pure frequency tones. (Fig. 6a-c) . We choose to use exclusively the protocol 1 (Supplementary 282 Fig. 4b ) as BLA-to-FrA axons appeared to specifically encode safety only when WGN is 283 used as CS-during conditioning (Fig. 5h-j) . neurons projecting to the FrA (Fig. 6c-f) . Again, learning was tested 24h later and 287 quantified by assessing the learning index (Fig. 6d) . Mice were classified as learners
288
(learning+) when the learning index was higher than 20% during recall (Fig. 6d) . We 289 then compared the activity of individual boutons between mice that learned (learning+, 290 n=4 mice) and those that failed to learn (learning-, n=3 mice). While the activity of 299 291 individual BLA boutons in FrA was relatively low at rest, it increased significantly upon 292 successive pairings (Fig. 6e, f) increased as compared to the baseline period (Fig. 6g, h) specifically affected in conditioned animals (Fig. 7) . Indeed, as compared to naive mice,
314
WGN failed to activate FrA pyramidal neurons in conditioned mice (npWGN: 5.4 ± 9 mV, 315 n=8; upWGN: 27.6 ± 4 mV, n=22; p=0.008) (Fig. 7a-d) . Thus, the difference between 316 upWGN and up8 kHz-induced non-linear depolarizations observed in naive mice (14 317 naive mice; upWGN: 27.6 ± 4 mV; up8kHz: 1.1 ± 4 mV; n=22; p<0.001; paired t-test) 318 disappeared after fear conditioning (5 conditioned mice; npWGN: 5.4 ± 9 mV; pp8kHz: 0.5 ± 5 mV; n=8; p=0.698; paired t-test) (Fig. 7d) . Accordingly, the averaged number of 320 local dendritic events per dendrite observed upon npWGN presentation in awake mice 321 significantly decreased after fear learning (upWGN: 3.37 ± 0.3, n=9 naive mice; npWGN: 322 1.88 ± 0.3, n=5 mice; p=0.003) (Fig. 7e) , indicating that npWGN no longer generated 323 local dendritic activation during both anesthesia and wakefulness. We next plotted the 324 tone-evoked cPSP as a function of the behavioral performance (Fig. 7f) (Fig. 7f) necessary to affect somatic voltage 22 . These data support the idea that, in our study too, tone appeared unable to activate enough branches simultaneously (Fig. 2) , thereby 365 making the alteration of somatic voltage less probable (Fig. 1) .
366
The FrA and the BLA are anatomically interconnected 13, 14, 18 . Yet, the functional 367 properties of these connections remain unknown. Our results confirmed that the BLA 368 projected heavily to the superficial layer of the FrA, thereby most likely contacting 369 dendrites of L2/3 pyramidal neurons (Fig. 3) . The photo-stimulation of ChR2-370 expressing BLA neurons produced plateau-like depolarizations that were strongly 371 affected by hyperpolarization indicating that they also possibly emerge from dendritic 372 NMDARs-mediated conductances 21 . These BLA-mediated depolarizations were rather 373 weak ( Fig. 3) , but might summate during rhythmic activation to create favorable 374 conditions for the integration of coincident sensory-driven inputs 21, 26, 39, 40 . Alternatively,
375
it is possible that the modest activation of BLA synapses in FrA apical dendrites 376 facilitates or gates the propagation towards the soma of tone-evoked dendritic events 41 .
377
In agreement, we observed that the temporal coincident activation of BLA-to-FrA inputs 378 increased both WGN and 8 kHz-evoked depolarization during anesthesia (Fig. 4) .
379
Nevertheless, it is striking that only WGN, but not pure-frequency tone, potentiated FrA The BLA presumably transfers to the FrA information that is relevant to fear 390 learning 13, 14 . Here, we showed that BLA neurons projecting to the FrA participated in the 391 acquisition of safety memory traces ( Fig. 5e-g ). These data are consistent with recent Fig. 6g-i (Fig. 7c-e prevented by topical application of ophthalmic gel. The skin above the skull was 621 disinfected with modified ethanol 70% and betadine before an incision was made.
622
Stereotaxic injections were done as previously described 21 . Briefly, the bregma and 623 lambda were aligned (x and z) and a hole for injection was made using a pneumatic (MO-10, Narishige).
630
The following viruses were used depending on the experiments. AAV-ChR2 kg -1 ), and buprenorphine (buprécare, 0.1 mg kg-1) in sterile NaCl 0.9% (AFB-mix).
645
The cranial windows were made as previously described 21 . Briefly, after skull's 646 exposure a ~5 mm plastic chamber was attached on the area of interest and a 3 mm 647 craniotomy was made on the right hemisphere above FrA and M2, with a pneumatic 648 dental drill, leaving the dura intact. The craniotomy was covered with sterile saline 649 (0.9% NaCl) and sealed with a 3 mm glass cover slip after viral injection (for imaging 650 experiments). The chamber, the cover slip and a custom-made stainless steel head stage
651
were well attached to the skull using dental acrylic and dental cement (Jet Repair
652
Acrylic, Lang Dental Manufacturing).
653
To evaluate the viral expression profiles in BLA and FrA, fixed brain slices were 654 imaged post-hoc using a wide-field epifluorescence microscope (Nikon, Eclipse N-iU).
655
Illumination was set such that the full dynamic range of the 16-bit images was utilized.
656
A two-dimensional graph of the intensities of pixel was plot using Fiji Software. (absence of toe pinch and corneal reflexes, and vibrissae movements) was constantly 712 checked and body temperature was maintained at 37°C using a heating-pad positioned 713 underneath the animal. Ophthalmic gel was applied to prevent eye dehydration.
714
Analgesia was provided as described for viral injection (with lidocaine and 715 buprenorphine). After disinfection of the skin (with modified ethanol 70% and 716 betadine), the skull was exposed and a ~3mm plastic chamber was attached to it above 717 the prefrontal cortex using a combination of super glue (Loctite) and dental acrylic and 718 dental cement (Jet Repair Acrylic, Lang Dental Manufacturing). A small ~1 x 1 mm 719 craniotomy centered above the FrA (+2.8 mm from bregma, ±1.0 mm midline) was made 720 using a pneumatic dental drill, leaving the dura intact. implanted with fiber optic cannula for optogenetics (CFML22U, Thorlabs) in the BLA.
743
The optic fibers were previously cleaved with a fiber optic scribe (S90R, Thorlabs) at profiles of dendritic calcium events, small ROIs of 2 X 2 pixels are generated along the 824 dendrite by using custom routine in Fiji. The spread of Ca 2+ events was then quantified 825 by calculating the full-width at half-max (fwhm, expressed as % of total dendritic length)
826
of the normalized gaussian fit at the time when the averaged ΔF/F0 was maximal.
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Data availability and Statistics
830
All data generated or analyzed during this study are included in the manuscript,
831
and provided in the supplementary statistical by using the Holm-Sidak method. Randomization and blinding methods were not used.
840
No statistical methods were used to estimate sample size, but β-power values were 841 calculated for parametric tests. 
Holm-Sidak multiple comparisons).
f, Same representation as (e) but for pure 8kHz-evoked cPSP change (Ctrl, n=22, dAP5, n=10, iMK801, n=5; p=0.04 and 0.016, one way anova; **, p<0.01, *, p<0.05, Holm-Sidak comparisons). (h). For the first CS+, the activity of boutons was monitored in absence of footshock (-). -and + points to as whether events were detected before (-) or after (+) the first footshock (US). Black arrow points to the difference between the first CS+ (before the first footshock) and the first CS-(after the first footshock). 0 corresponds to the baseline period before conditioning.
i, All events recorded during CS were pooled and averaged as a function of the presence (US+) or absence (US-) of the US, for learning (n=4) and non learning (n=3) mice. The effect of different levels of learning depends on whether the US is present or not (p=0.031, two-way anova). **, p=0.005 (Holm-Sidak multiple comparison). 
